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Abstract

Background—Electrophysiological and hemodynamic activity is altered in attention-deficit/

hyperactivity disorder (ADHD) during tasks requiring cognitive control. Frontal midline theta

oscillations are a cortical correlate of cognitive control influencing behavioral outcomes including

reaction times. Reaction time variability (RTV) is consistently increased in ADHD and is known

to share genetic effects with the disorder. The etiological relationship between the cognitive

control system, RTV, and ADHD is unknown. In a sample of twins selected for ADHD and

matched control subjects, we aimed to quantify the strength of the phenotypic, genetic, and

environmental relationships between event-related midline theta oscillations, RTV, and ADHD.

Methods—Our sample included 134 participants aged 12 to 15 years: 67 twin pairs (34

monozygotic; 33 dizygotic) with concordance or discordance for ADHD symptomatology

assessed at 8, 10, and 12 years of age. Our main outcome measures were frontal midline theta

activity, derived from both channel and source decomposed electroencephalographic data, and

behavioral performance on a response-choice arrow flanker task known to elicit theta activity.

Results—Variability in stimulus event-related theta phase from frontal midline cortex is strongly

related to both RTV and ADHD, both phenotypically and genetically.

Conclusions—This is the first finding to confirm the genetic link between the frontal midline

cognitive control system and ADHD and the first to identify a genetically related

neurophysiological marker of RTV in ADHD. Variability in the timing of the theta signal in

ADHD may be part of a dysfunctional brain network that impairs regulation of task-relevant

responses in the disorder.
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The ability to quickly adapt thinking and behavior to changing internal states and external

circumstances is critical for maintaining efficient, goal-directed behavior. Abnormalities in

such cognitive control are associated with numerous psychopathological disorders including

attention-deficit/hyperactivity disorder (ADHD). Converging evidence indicates that

electrophysiological and hemodynamic measures from medial prefrontal cortex (mPFC) and

anterior cingulate cortex are altered in ADHD during action monitoring, conflict detection,

error signaling, and reinforcement learning (1–6).

A growing body of work focuses on the relation of frontal midline theta band (5–8 Hz)

electroencephalographic (EEG) activity to cognitive control (7). Frontal midline event-

related potential (ERP) indices of cognitive control, including those abnormal in ADHD

(1,2,6,8,9), have most energy in the theta band (7,10) and can be interpreted as brief bursts

or complexes of theta-band activity partially time- and phase-locked to relevant stimulus

presentations (11) or motor responses (12). The link between cognitive control and frontal

midline theta is further supported by human and monkey reports that theta-band activity in

mPFC increases with cognitive control demands, for example, those involved in task rule

changes and stimulus feature task conflict (13–16). A number of studies indicate that trial-

to-trial tuning of frontocentral theta activity may play a role in optimizing behavioral

performance (17–19). Of particular interest to ADHD research, mPFC activation has been

shown to influence reaction times (17,20). Monkey studies have also indicated that theta

phase dynamics have a general role in response initiation and a specific role in conflict-

modulated reactions (15,21).

Reaction time variability (RTV) in repetitive response tasks consistently discriminates

between ADHD and control samples in a broad range of tasks and sensory modalities (22–

26). Consistent with a relationship between frontal midline brain activity and reaction times,

a number of investigations point toward a possible functional relationship between RTV and

medial frontal blood oxygen level–dependent activation (27,28), and a functional magnetic

resonance imaging report indicated that decreased activation in anterior cingulate, basal

ganglia, and thalamus is correlated with the increase in RTV in ADHD (29). Despite the

evident role of RTV in ADHD, there is little empirical research into its neurophysiological

correlates (30).

Both RTV and cognitive control appear to share an etiological relationship with ADHD. The

majority of familial, and genetic, influences on RTV are shared with ADHD (31–34).

Similarly, two family studies indicate a shared familial relationship between cognitive

control and ADHD (1,2). However, as family designs are unable to discriminate between

genetic and environmental influences, the exact etiology of familial overlap between ADHD

and cognitive control abnormalities is unknown. Twin studies provide a powerful way to

delineate the etiological architecture of cognitive abnormalities associated with ADHD

(35,36).
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In the present study, we investigated the relative strengths of genetic and environmental

relationships between ADHD, RTV, and an EEG marker of cognitive control, event-related

frontal midline theta. We measured EEG activity during the well-defined Eriksen arrow

flanker task (1,2) in 67 adolescent monozygotic (MZ) and dizygotic (DZ) twin pairs

concordant or discordant for high and low ADHD symptom scores. The Eriksen flanker task

is known to elicit a strong theta response, particularly in high-conflict trials (21). First, we

identified measures that shared phenotypic variance with ADHD symptoms and reaction

times and then we applied structural equation modeling to separate this phenotypic

covariance into genetic and environmental components (37). In line with previous studies on

cognitive control and ADHD (1,2,6), we predicted that the greatest phenotypic relationship

between theta measures and ADHD symptoms would be in high-conflict trials. Specifically,

we aimed to quantify the strength of the genetic and environmental relationships between

stimulus-locked midline theta oscillations and 1) ADHD symptoms and 2) reaction times.

As we are interested in brain activity that may influence reaction times, we measured

stimulus-locked theta phase and amplitude in a poststimulus, preresponse window. We

measured theta activity both at frontal midline scalp electrodes and also at the source level

using independent component analysis (ICA). Independent component analysis is a

statistical blind source separation technique that has been found to be useful for separating

out independent EEG signals from many cortical and noncortical sources (38–43).

Interpretation of ERP indices of cognitive control is limited by the fact that conventional

ERPs represent only trial averages, neglecting consideration of the temporally dynamic

brain activations that support the adjustments and behaviors across many trials (21,44). The

improved signal-to-noise ratio achieved with ICA facilitates identification of single-trial

EEG activity that can be more tightly linked to behavior and cognition than scalp channel-

based measures (45,46) and may be particularly useful for characterizing trial-to-trial theta-

band dynamics in ADHD.

We also compared ADHD and control children on behavior and EEG variables in high-

conflict trials (high cognitive control) and low-conflict trials (lower cognitive control),

which enabled the examination of increased demand of cognitive control on all measures.

Methods and Materials

Sample

The sample was selected from the Twins' Early Development Study, a birth cohort study of

all twins born in England and Wales between 1994 and 1996 (47) (Supplement 1). The

Neurophysiological Study of Activity and Attention in Twins subset used in this study

consisted of 67 male twin pairs in groups of 22 pairs concordant for high levels of ADHD

symptoms (corresponding to a clinical diagnosis; MZ: 11; DZ: 11), 8 pairs discordant for

ADHD symptoms (MZ: 2; DZ: 6), and 37 control pairs concordant for low levels of ADHD

symptoms (MZ: 21; DZ: 16). For further information on selection of twins, see Supplement

1. Demographic characteristics are given in Tye et al. (35). No children were taking

medication at the time of the study. The study was approved by King's College London

Psychiatry, Nursing and Midwifery Research Ethics Subcommittee. Participating families

gave their written informed consent.
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Task

The task is identical to the version of the Eriksen arrow flanker paradigm used by us and

colleagues in previous studies (2,48,49) and consisted of 10 blocks of 40 trials. Two flankers

(black arrowheads above and below the position of a fixation mark) were presented for 100

milliseconds before the central target black arrowhead appeared for an additional 150

milliseconds. Participants had to press a response button with the index finger of the hand

(left or right) corresponding to the direction indicated by the target arrow (left or right). On

congruent trials, flanker and target arrowheads pointed in the same direction; on incongruent

trials, they pointed in opposite directions. Further task details are available in Supplement 1.

Performance measures were target reaction time ([MRT]; mean response latency in msec

after target onset) and intraindividual variability in reaction time ([RTV]; standard deviation

of response latency) in the congruent and incongruent correct trials separately.

IQ

General cognitive ability was assessed at age 14 as part of ongoing Twins' Early

Development Study web-based data collection (50). The twins were tested on the Wechsler

Intelligence Scale for Children as a Process Instrument vocabulary multiple choice subtests

(51) and Raven's standard and advanced progressive matrices (52). Further information on

the calculation of IQ is in Supplement 1.

EEG Recording and Processing

Electroencephalographic data were recorded using a 64-channel (BrainAmp DC; Brain

Products, GmbH, Munich, Germany) extended 10–20 system montage (reference at FCz).

Vertical and horizontal electro-oculogram data were simultaneously recorded from

electrodes placed above and below the left eye and at the outer canthi. The EEG and electro-

oculogram signals were digitized at a 500-Hz sampling rate. Data processing was performed

offline using the EEGLAB toolbox (v11.0.3.1b) (53) for MATLAB (R2012a; The

Mathworks, Inc., Natick, Massachusetts). Before processing, the channel signals were re-

referenced to average reference. We then applied a 1-Hz high-pass filter. Time points with

any channel value larger than 100 μV in absolute value were rejected from the data and

excluded from further analysis. We further rejected the .8% of trials in which the button

press occurred later than 1200 milliseconds after target presentation.

EEG Analyses

We used adaptive mixture ICA (46,54) to separate the channel data into maximally

instantaneous independent component (IC) processes (Supplement 1). We computed

equivalent dipole models for each IC scalp topography using a template four-layer adult

boundary element method head model implemented in the DIPFIT toolbox for MATLAB

(55). Independent components with less than 15% residual variance between estimated

dipole projection and IC scalp topography were clustered based on dipole location and

spectral and ERP features, yielding (among other clusters) a prominent central midline

cluster (Supplement 1). Channel-based measures were calculated at the channel (Cz) where

theta activity was maximal, after first removing projections to this channel from ICs

accounting for eye movement and blink artifacts. As we were interested in neural activity
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associated with preparation of the motor response, we focused on theta oscillations in the

window between the stimulus and the response.

Calculation of Theta Phase and Amplitude for Both Component and Channel EEG Data

Stimulus-locked theta phase and amplitude were calculated in single trials using a theta

frequency of 7 Hz. Both channel- and IC-derived activations were normalized to unit

baseline variance by dividing the signal amplitude in each condition by the root mean square

power in the baseline interval (−600 to −100 msec, prestimulus). Theta phase and amplitude

were computed based on the Fourier coefficients associated with the 7 Hz frequency in the

poststimulus time window (further defined in Supplement 1). We computed four statistics

related to two measures of central midline theta-band activity: 1) mean phase of the average

ERP; 2) single-trial phase variability around this average ERP phase (indexed by

interquartile range; i.e., difference 25th–75th percentiles); 3) amplitude mean of the single

trial theta amplitudes; and 4) amplitude variability around this mean amplitude (standard

deviation). We used interquartile range around the mean phase, as we were specifically

interested in the variability of the phase around the well-determined mean ERP phase

(Figure 1; Supplement 1).

Statistical Analysis

Age and IQ significantly differed between ADHD and control groups (Table 1); these

effects were therefore controlled for in the phenotypic analyses and regressed out of the data

for the genetic analyses. All measures that had pronounced heterogeneity of variance and

skewed distributions were log-transformed to minimize skew using the lnskew0 command in

Stata (StataCorp, College Station, Texas). We corrected for nonindependent observations

(e.g., genetic relatedness in twin pairs) in all analyses by using the robust clustering

command (vce cluster in Stata) to estimate standard errors. The congruency effect was

examined in a repeated measures analyses of variance (group, condition). The relationship

between RTV and EEG variables was examined in four regression analyses with RTV as the

predictor variable (source and scalp for each condition).

Selection of Variables for Genetic Model-Fitting Analyses

The purpose of the genetic model fitting was to investigate the etiology of the phenotypic

relationship between brain function variables and ADHD and RTV. Therefore, selection of

variables for the genetic modeling was based on two criteria: 1) significant phenotypic

relationship with ADHD, indexed by a case-control difference in the variable (Table 2); and

2) significant phenotypic relationship with RTV (Table 3). The amplitude measures (source

and channel amplitude mean [AmM], amplitude variability [AmV]) were most strongly

related to ADHD in the incongruent correct condition, whereas the phase measures (source

phase variability [PhV] and phase mean [PhM] and channel PhM) were similarly related to

ADHD in both conditions (Table 2). A number of EEG measures were related to RTV in the

incongruent condition (Table 3), whereas only PhV (source and channel) and PhM (source)

were related to RTV in the congruent condition. Therefore, we investigated the etiology of

the phenotypic relationship between selected measures and ADHD and RTV where it was

strongest, in the incongruent condition.
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Due to a significant phenotypic relationship with both ADHD and RTV, the following

variables were selected for the genetic model fitting: theta source PhV and AmM and theta

channel PhV and PhM (Tables 2 and 3). Neither MRT nor errors were included in the

genetic model fitting, as they did not have significant phenotypic associations with ADHD

(Table 2).

Preparation of Data for Model Fitting

To account for the selected nature of the sample, the group selection variable (ADHD status)

was modeled as a threshold, or categorical, variable (yes/no), with its parameters fixed. This

inclusion necessitated ordinalizing the age- and IQ-regressed residual scores of the EEG and

cognitive variables. Using threshold liability model fitting on the ordered categories in Mx

(Richmond, Virginia) (56), polychoric correlations and genetic model parameters were

derived using full information maximum likelihood estimation. A limitation of this approach

is that the numerical integration increases exponentially with the number of variables,

placing a practical limit on the number of variables in the model. Therefore, in each model,

we included two variables (RTV and one theta measure) plus the necessary selection

variable. The threshold for ADHD status was fixed to give a population prevalence of 5% (Z

score set at 1.64); twin correlations and heritability parameters were fixed to population

estimates as derived from a meta-analysis (57) (h2 = 76%, c2 = 0%, e2 = 24%, consistent

with rMZ = .76 (h2 + c2), rDZ = .38 (.5h2 + c2).

Polychoric Correlations

Correlations were estimated from a constrained phenotypic correlation model to give, for

each cognitive and EEG measure, maximum likelihood estimates of the intraindividual

cross-trait correlations (i.e., the degree to which two variables covary), the MZ and DZ

cross-twin within-trait correlations (e.g., the correlation between one twin's RTV and the co-

twin's RTV), and the MZ and DZ cross-twin cross-trait correlations (e.g., the correlation

between one twin's RTV and the co-twin's EEG).

Genetic Model Fitting

Based on the biometrical genetic model that MZ twins share 100% and DZ twins share 50%

of their genetic influences (but have an equal sharing in terms of environmental factors)

(58), the applied genetic multivariate, correlated-factors liability-threshold model (illustrated

in Figure 2) uses the MZ:DZ ratio of the cross-twin within-trait correlations to decompose

the variation in the cognitive and EEG traits into additive genetic (referred to as A),

common environmental (C), and individual-specific environmental (E) influences including

measurement error. Furthermore, the MZ:DZ ratio of the cross-trait, cross-twin correlations

is used to decompose the covariation between traits (e.g., RTV, theta measure, and ADHD)

into genetic (rG), common environmental (rC), and nonshared environmental (rE)

correlations. (Because of the lack of C effects on ADHD, there are no rCs with the other

traits; Figure 2). Since it is possible for a large rG or rE to explain a very small portion of the

observed covariation between two traits, we combine the information from these

correlations with the standardized estimates of each trait to establish the genetic (rph-a) and
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unique environmental (rph-e) contributions to the total phenotypic correlation (rPh) between

ADHD and theta measures (35,37).

Results

Phenotypic Analyses

A main effect of ADHD was evident for RTV, source PhV, source AmV, source AmM,

channel PhV, and channel AmM (Table 2, Figure 1). A main effect of congruency emerged

for most performance and EEG variables: MRT, source PhV, source AmV, source AmM,

channel PhV, channel AmV, and channel AmM (Table 2). A significant group by

congruency interaction where the ADHD participants did not show a change between the

conditions but the control subjects did show a change was evident in the amplitude measures

(mean and variability at both source and channel) and mean phase at the channel level

(Figure 3; Table 2).

Twin Correlations and Genetic Model Fitting

The larger MZ compared with DZ cross-twin within-trait correlations for RTV and all EEG

variables indicated a contribution of genetic factors to individual differences in these

variables. Similarly, larger MZ compared with DZ cross-twin cross-trait correlations

indicated shared genetic variance between the traits (Table 4). In line with these correlations,

the genetic model fitting indicated significant heritability estimates for RTV and for all of

the selected theta-band EEG measures: RTV had the highest point estimate (.59). However,

the confidence intervals overlapped for all heritability estimates, which indicated no

significant differences in heritability between any of the variables in this sample (Table 5).

Our analyses did not indicate significant shared environmental influences on any measure

other than phase variability in the channel space (Table 5).

Both source PhV and AmM exhibited significant genetic correlations with ADHD

symptoms, which suggests that about half their genetic influences are shared with ADHD

(rG = .51 and −.61). The negative genetic correlation between ADHD and source AmM

indicates that the genetic influences that cause lower mean theta amplitude also cause

increased ADHD symptoms. A significant amount of genetic influences were also shared

between RTV and ADHD (rG = .39), which replicates previous findings (Table 6). Neither

channel measure (PhM or PhV) shared significant genetic overlap with ADHD. Variability

in reaction time, source PhV, and source AmM all showed a moderate amount of phenotypic

overlap with ADHD, with around half of the phenotypic variance shared between these traits

and ADHD (Table 6). These estimates were significantly larger than the phenotypic

correlation between ADHD and channel PhV (Table 6, first column).

Source PhV showed the largest genetic (.66) and phenotypic correlation (.49) with RTV and

also the largest genetic contribution to the phenotypic correlation (.34). Although, these

estimates were not significantly different from the genetic and phenotypic RTV-channel

PhV correlations (Table 7). Neither source AmM nor channel PhM had a significant genetic

association with RTV. The negative phenotypic correlation between RTV and source AmM
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suggests that phenotypically reduced theta amplitude is associated with increased RTV

(Table 7).

Discussion

Results from these multivariate twin analyses indicate that frontal midline theta activity

following target stimulus onset in a manual choice-response task is strongly related, both

phenotypically and genetically, to both ADHD symptoms and RTV. Attention-deficit/

hyperactivity disorder was most strongly related to the mean amplitude and to variability

(i.e., inconsistency) in its trial-to-trial phase at the source level, with these measures showing

moderate to large phenotypic and genetic correlations with the disorder. The strong

phenotypic and genetic link between ADHD and abnormal theta dynamics indicates that

ADHD is related, in part, to impairments in the capacity to orchestrate, coordinate, and

direct basic cognitive processes. This finding is in agreement with previous data indicating

familial overlap between ADHD diagnosis and impairments in channel-based ERP features

known to be related to cognitive control (1,2). These findings indicate that mean amplitude

and phase variability of event-related frontal midline theta-band oscillations may be

biological markers or candidate intermediate phenotypes for ADHD.

We additionally found that PhV of frontal midline theta, measured at either the source or

channel level, was genetically and phenotypically associated with RTV. We speculate that

the variability in the latency of the theta complex in ADHD may reflect dysregulation of

signaling to implement and optimize results of task-relevant responding and/or recovery

strategies. In support of this, previous evidence indicates that frontal midline theta

oscillations may be coupled to bursts of dopaminergic activity in basal ganglia that index

perceived signal/goal conflicts, unexpected reward opportunities, or unexpected changes in

anticipated outcome of current behavior (16). In such circumstances, the phase of the

associated theta band field activity regulates the timing and simultaneity of more detailed,

spike-conveyed information that can organize behavioral adjustments required to achieve

goals (59–61). Our data indicate that abnormality in such phasic signaling may index a

systemic deficiency in ADHD that is related to behavioral impairments (specifically to

increased variability in response times) and thus advances the search for pathophysiological

markers of the disorder. Our interpretation is consistent with previous findings that indicate

that trial-by-trial frontal theta activity power is inversely related to occipital alpha in

typically developing children but the relationship is absent in ADHD, which suggests

impairment in cognitive control of perceptual systems in posterior cortex (62).

Though both the channel- and source-based theta PhV measures were similarly related to

RTV, source-based PhV was more strongly related to ADHD, both genetically and

phenotypically, than channel-based PhV. Source-based AmM was also strongly related to

ADHD symptoms, genetically and phenotypically. Our data thus indicate that the improved

functional and anatomic separation of the cortical signal sources of EEG data produced by

ICA decomposition gives measures that are more etiologically informative for ADHD than

channel-based measures. This may be because the channel data are a source signal

admixture, so that the effective signal-to-noise ratio of the ICA-separated cortical source

activities is much higher than for the scalp channel signals (45).
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All of the theta measures that were associated with ADHD and RTV were moderately

heritable, agreeing with the large literature that indicates EEG measures are under genetic

influence (63,64). Although in this study we investigated preresponse stimulus-locked theta,

our finding that the mean source amplitude of the frontal midline theta band is moderately

heritable aligns with previous findings indicating moderate heritability of response-locked

frontal midline theta activity (error-related negativity) (65).

The significant group by (conflict) condition interactions for the amplitude measures in the

phenotypic analyses replicate previous findings showing an attenuation of theta-related brain

activity in high-conflict tasks in ADHD (1,2) and agree with studies indicating impaired

conflict resolution in ADHD (66). The lack of interaction between group and conflict for

RTV and the phase measures indicates that the conflict effect in this study is largely specific

to amplitude measures. Cognitive theories of ADHD differ in whether they propose a single

underlying cause for the widespread behavioral and cognitive impairments of ADHD, such

as a proposed executive function deficit (67) or default mode interference (68), or whether

they propose multiple etiological pathways (69). Our findings confirm the importance of

executive attention in ADHD pathophysiology but also suggest that theta phase

abnormalities in ADHD are independent of demands on the executive attention or cognitive

control system, consistent with a model of multiple pathways to the disorder.

One limitation is that the sample size is relatively small for a twin study. Although we were

able to identify a number of significant modest to large genetic and phenotypic relationships

between ADHD, RTV, and theta measures, we were not able to definitively identify which

relationships were significantly stronger because of the overlapping confidence intervals.

Nevertheless, the combination of the significant MZ correlations and the significant

association between these parameters and ADHD suggest a relationship that has a genetic

basis. The limited statistical power restricted the estimation of shared environmental

influences (as suggested by some of the twin correlations) and nonadditive genetic

influences (particularly suggested by cross-twin cross-trait correlations between RTV and

EEG variables). We acknowledge that such influences may have affected the estimates of

heritability and genetic overlap between ADHD, RTV, and theta measures in our study;

however, the genetic contribution presented is not overestimated. Further analyses in larger

twin samples should investigate whether the genetic and phenotypic distinction between

these neurophysiological phenotypes in relation to ADHD/RTV is significant.

As we were not able to test causal models with our data, it is possible that the shared genetic

variance between theta phase variability and RTV is due to pleiotropic effects or other

factors that influence both theta phase variability and RTV. In line with our findings, ADHD

is increasingly being conceived as a disorder underpinned by dysfunctions in multiple large-

scale brain networks (62,70,71). Future studies should take a systems neuroscience

perspective and examine how theta phase and amplitude interact with the task positive and

task negative, or default, networks that are implicated in ADHD (35,68,70). These measures

should be tested in pharmacologic and longitudinal samples to parse out the causal effects.

In summary, in an analysis combining multivariate twin modeling and computational

neuroscience methods, we found evidence that inefficient phasic signaling in the frontal
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midline cortex is strongly related to RTV and ADHD symptoms, both phenotypically and

genetically. This is the first finding that confirms the genetic link between frontal midline

EEG activity and ADHD, as previously suggested by family studies (1,2). Our data identify

a neurophysiological marker of RTV in ADHD that may be part of a dysfunctional brain

network that impairs production of optimal response behavior in the disorder. Our results

further indicate that source decomposition of EEG data by ICA can provide more effective

measures of cortical theta dynamics than channel-based measures. As source-based

measures characterize neural activity more efficiently than scalp-channel measures, ICA

may facilitate development of more statistically robust, targeted, noninvasive neuroscience-

based phenotypes for genetic analyses in further family and twin based studies, including

whole genome and gene-environment relationship studies (72).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Stimulus-locked and response-locked single-trial and mean event-related potentials (ERPs)

in the incongruent-correct condition for the extracted frontocentral independent component

cluster. Event-related potential image plots (42) of single trials across control participants

and attention-deficit/hyperactivity disorder (ADHD) participants ordered by reaction time

(RT) and smoothed vertically with a 100-trial moving average. Color corresponds to relative

potential in μV normalized to unit power in the baseline (red > 0, green = 0, blue < 0).

Average ERP waveforms of the single trial ERP traces. Scalp maps show the mean

interpolated scalp potential projection of the cluster, averaged over all participants. STs,

stimulus onset times.
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Figure 2.
Correlated factors solution of the trivariate model for attention-deficit/hyperactivity disorder

(ADHD), variability in reaction time (RTV), and electroencephalographic theta measures.

Circles represent latent additive genetic (A1, A2, A3), shared environmental (C1, C2, C3),

and nonshared environmental (E1, E2, E3) factors. rG and rE represent genetic and

environmental correlations between ADHD, RTV, and theta activity. Parameters for ADHD

(heritability and unique environmental estimates) are fixed values selected according to

meta-analysis (57).
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Figure 3.
Interference effects on the mean event-related potential amplitude and mean theta power in

attention-deficit/hyperactivity disorder (ADHD) and control (Ctrl) subjects. (A) Event-

related potentials for the central midline independent component (left) and Cz channel

average (right). The difference in mean potentials between the congruent and the

incongruent conditions is plotted. (B) The difference in theta power between the congruent

and the incongruent conditions in a 350-millisecond sliding window event-related spectral

perturbation (ERSP).
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Table 1
Summary Statistics and Mean Comparisons Adjusted for Genetic Relatedness for Age,
IQ, and ADHD Measures

ADHD Control Subjects F p

Age 13.51 (.78) 14.01 (.93) 10.62 <.001

IQ 97.13 (8.63) 103.97 (12.31) 12.20 <.0001

Parent Conners Hyperactivity-Impulsivity .56 (1.11) .08 (.54) 12.92 <.01

Parent Conners Inattention .86 (1.50) .06 (.44) 10.49 <.01

Teacher Conners Hyperactivity-Impulsivity .35 (.94) 0 (0) 6.93 .01

Teacher Conners Inattention 1 (1.94) .06 (.31) 11.32 <.001

ADHD, attention-deficit/hyperactivity disorder.
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Table 3
Regression of RTV on EEG Theta Indices

Incongruent Correct Congruent Correct

RTV RTV

Source PhV RC = .24, t136 = 2.96a RC = 23.75, t136 = 4.15b

PhM RC = .10, t136 = 1.79c RC = 7.43, t136 = 3.31d

AmV RC = .81, t136 = 2.01c RC = .04, t136 = .05

AmM RC = −.58, t136 = −2.24d RC = .07, t136 = .15

Channel PhV RC = .29, t136 = 3.59b RC = 19.30, t136 = 3.80b

PhM RC = .12, t136 = 2.57d RC = 2.81, t136 = 1.24

AmV RC = .01, t136 = 1.73c RC = .50, t136 = .42

AmM RC = −.01, t136 = −1.27 RC = −.02, t136 = −.03

AmM, mean amplitude; AmV, variability in amplitude; EEG, electroencephalographic; PhM, mean phase; PhV, phase variability; RC, regression
coefficient; RTV, reaction time variability.

a
Significant at p = .01 level.

b
Significant at p = .001 level.

c
Significant at p ≤ .05 level.

d
Trend: p = .10.
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Table 5
Standardized Estimates (with 95% CI) of Genetic, Common, and Nonshared
Environmental Contributions to Variance of RTV and EEG Measures

h2 c2 e2

RTV .59 (.20 to .77)a 0 (0 to.48) .41 (.23 to .49)a

Source PhV .45 (.09 to .68)a 0 (0 to.59) .55 (.32 to .95)a

Source AmM .52 (.12 to .76)a 0 (0 to.38) .48 (.24 to .88)a

Channel PhV .17 (.15 to .49)a .27 (.11 to .92)a .44 (.17 to .89)a

Channel PhM .43 (.41 to .65)a 0 (0 to.72) .57 (.52 to .99)a

h2, c2 and e2: standardized genetic and environmental variance components. For ADHD, these are fixed to h2 = .76 and e2 = .24. All incongruent
correct.

ADHD, attention-deficit/hyperactivity disorder; CI, confidence interval; EEG, electroencephalographic; AmM, mean amplitude; AmV, variability
in amplitude; PhM, mean phase; PhV, phase variability; RTV, reaction time variability.

a
Significant estimates.
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